Laser polarized 129 Xe and a high-T c Superconducting QUantum Interference Device (SQUID) are used to obtain magnetic resonance images in porous materials at a magnetic field of 2.3 mT, corresponding to a Larmor frequency of 27 kHz. Image resolution of 1 mm is obtained with gradients of only 1 mT/m. The resolution of xenon chemical shifts in different physicochemical environments at ultra-low fields is also demonstrated. Details of the circulating flow optical pump ing apparatus and the SQUID spectrometer are presented.
Introduction
The practice of Magnetic Resonance Imaging (MRI) currently necessitates powerful, homogeneous, and confining magnets that produce fields between ~0.5 -10 T. MRI magnet design could be substantially simplified if the imaging were performed in ultra-low magnetic fields approaching the Earth's magnetic field. At these fields, distortions due to spurious gradients produced by magnetic susceptibility variations over the sample are minimized [1] . Furthermore, for a fixed relative homogeneity of the static field, the gradient strength required to achieve a given spatial resolution is decreased as the static field strength is decreased, owing to the reduction in the width of the intrinsic frequency distribution.
The difficulty of performing MRI at low fields is twofold: the nuclear spin polarization and the sensitivity of conventional (resonant circuit) magnetic resonance detectors both diminish linearly as the magnetic field strength is reduced, leading to a lower signal-to-noise ratio (SNR), ultimately the most important determinant of MRI information content. The first difficulty can be overcome by using optical pumping [2, 3, 4] to create an enhanced, non-equilibrium polarization of the nuclear spins to be imaged. The second difficulty can be addressed by detecting the NMR signal with a dc Superconducting QUantum Interference Device (SQUID). We present ultra-low field images of optically pumped samples detected using a SQUID.
The technique of optical pumping has considerably increased the utility of xenon for sensitive MRI of materials, gas flow, and living tissue at both high [5, 6, 7, 8] and low [1, 9, 10, 11] fields. A major limitation of laser-3 polarized xenon MRI is the non-renewable nature of the nuclear spin polarization: the completion of an MRI scan that uses a p/2 pulse destroys the polarization enhancement. Most laser polarized xenon NMR and MRI methods employ the traditional batch pumping technique [12, 13, 14] , which does not allow the use of multiple excitations with large tipping angles, e.g. for signal averaging or phase cycling. Here we describe an optical pumping approach, which removes these limitations by providing a continuous source of laser-polarized xenon. This optical pumping setup, based on similar methods used for high-field NMR [15, 16, 17, 18] , provides rapid optical pumping and delivery of xenon to the sample with retention of appreciable polarization during the passage of the xenon through magnetic field gradients.
The detector in our experiments is a high transition temperature (high-T c ) dc SQUID. The dc SQUID consists of a superconducting loop interrupted at two points by Josephson junctions. When properly biased with a static current, the SQUID acts as a magnetic flux-to-voltage transducer. As the SQUID measures magnetic flux directly, rather than the rate of change of flux (as is the case for a conventional tuned circuit detector), the SQUID detects NMR signals broadband at arbitrarily low frequencies without a loss in sensitivity [19, 20, 21] . This frequencyindependent response, coupled with unsurpassed field sensitivity, makes the SQUID far superior to the conventional tuned circuit for the detection of low field NMR signals.
Using laser polarized 129 Xe and SQUID detection we have performed spectroscopy and imaging experiments on room temperature samples in fields as low as 2 mT. An image of shaped aerogel using xenon, as well as images of xenon gas flow at ultra-low fields is presented. Finally, the resolution of chemical shifts of xenon in different physicochemical environments [11] at these low magnetic fields is demonstrated, hinting at the possibility for chemical shift selective imaging in ultra-low fields.
Materials and Methods
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The SQUID magnetometer consists of a square washer dc SQUID inductively coupled to a multilayer, 12-turn flux transformer in a "flip-chip" arrangement [22] . Both the SQUID and the transformer were fabricated from thin fiberglass liquid nitrogen dewar and is cooled below its superconducting transition temperature by a sapphire rod which is thermally anchored to the liquid nitrogen can [23] . The sample, which is at atmospheric pressure and room 5 temperature, is placed on a 76 µm thick sapphire window positioned above the SQUID; the separation between the SQUID magnetometer and the sample is around 1.5 mm. In this configuration, the SQUID acts as an MRI surface coil, providing 2D projections along the y-axis.
The static magnetic field is provided by a pair of Helmholtz coils, which produces a field of All imaging experiments are performed using the 2D "Spin-Warp" pulse sequence [24] . The direct dimension consists of 4096 points collected with a dwell time of 12.5 µs. In the indirect dimension 32 phase encoding gradient strengths are employed with the signal acquired at each strength averaged 400 times. Before 2-D Fourier
Transformation to produce the images, the indirect dimension is zero-filled to 128 points. The signal along the direct dimension is mixed down at the resonance frequency and digitally filtered to select a bandwidth of 2.5kHz. No further apodization is applied in either dimension. Figure 3 compares the NMR signals from thermally polarized proton spins in mineral oil and from laser polarized xenon spins produced in the continuous flow system. The static magnetic field is 0.62 mT for the proton and 2.26 mT for xenon, so that the Larmor frequency is 27 kHz in both cases. This allows an easy and direct calibration of the xenon spin polarization. An SNR of ~3 is obtained from a 1 mL mineral oil (110 molar in 1 H) sample after 80,000 scans. In contrast, the same volume of natural abundance hyperpolarized xenon gas at a pressure of 1 atm (0.01 Molar in 129 Xe) yields an SNR of ~30 after only 100 scans. This corresponds to a xenon spin polarization of ~1 %, an enhancement of seven orders of magnitude over thermal spin polarization at 2.26 mT. The flow and polarization of the 129 Xe spins in the continuous flow system maintains a constant signal over a period of at least fourteen hours. This high pressure, continuous flow pumping method generally yields lower xenon spin polarization than batch methods (which yield polarizations of tens of percent), but the advantages of "instant", renewable, and consistently polarized gas outweigh the reduced polarization. The decrease in polarization is explained in part by the fact that the flowing xenon gas is exposed to conditions that can rapidly degrade the spin polarization by relaxation, such as wall relaxation during flow, diffusion through magnetic field gradients, and high rubidium concentration in the pumping cell. Despite non-ideal conditions, the polarizations are comparable to those achieved in similar setups used in high-field NMR [15, 16] . Most importantly, the new continuous flow optical pumping system allows rapid signal averaging, which is necessary for the multiple-pulse NMR and MRI experiments described below. with such modifications chemical shifts on the order of 10 ppm will be resolved, clearing the way for chemical shift selective imaging at ultra-low fields. This result also suggests the feasibility of obtaining analytical information from NMR spectra and images acquired in the absence of high field magnets.
Results and Discussion

Spin Polarization
Imaging
Summary
We have described a versatile ultra-low field MRI spectrometer incorporating a circulating flow optical pumping system for 129 Xe. The circulating flow system provides a continuous source of xenon with a polarization ~1%, a factor of 10 7 enhancement over thermal polarization at 2.3 mT. This is used in conjunction with sensitive SQUID detection to image materials with millimeter resolution. The gradients required to achieve this spatial resolution are at least an order of magnitude lower than those typically used in high-field MRI. A methodology for direct visualization of gas flows is described, and xenon chemical shift resolution at ultra-low fields has been achieved. These spin density images and chemical shift measurements at 2.3 mT represent a step toward chemical shift selective imaging in low magnetic field. 
